INTRODUCTION {#SEC1}
============

Following their initial discovery, antibody drug candidates typically require further engineering to increase target affinity or improve a number of other characteristics associated with therapeutic developability (e.g. immunogenicity, stability, solubility) ([@B1]). This is independent of the original source of the antibody (i.e. immunized animals, recombinant or synthetic libraries) ([@B2]). Even with a lead candidate to start from, the potential protein sequence space to explore and optimize for all the relevant drug parameters expands astronomically. Therefore, antibody engineering is done at high-throughput by library mutagenesis and directed evolution using surface display screening, most notably phage and yeast display ([@B3]). With some exceptions ([@B7],[@B8]), these display systems typically express antibody proteins as fragments \[e.g. single-chain fragment variable (scFv) and fragment antigen binding (Fab)\] and without certain post-translational modifications (i.e. glycosylation). However, for therapeutic production, scFvs and Fabs require conversion into full-length glycosylated IgG molecules which consequentially leads to a final optimization phase of evaluating and modifying drug candidates directly in mammalian cells. This step is performed at low-throughput due to the challenges associated with generating libraries in mammalian systems (i.e. inability to stably retain and replicate plasmids).

When engineering candidate antibodies, libraries are often constructed by polymerase chain reaction (PCR) mutagenesis (e.g. error-prone PCR and site-directed mutagenesis with degenerate primers), followed by cloning into expression plasmids, making them compatible for screening by phage and yeast display. With the motivation of being able to screen antibodies in their native context as full-length IgGs with proper glycosylation, attempts have also been made to incorporate libraries into mammalian cells using episomal-, viral- or transposon-mediated gene transfer ([@B9]). However, relative to phage (\>10^10^) and yeast (\>10^7^), these mammalian display systems are substantially challenged by small library size (∼10^4^ variants for genome-integrated libraries) and polyclonality (multiple antibody variants per cell). Therefore, in order to truly have a competitive platform for mammalian antibody engineering, an alternative method which overcomes these limitations is essential.

With the rapid advancements in genome editing technologies, most notably the CRISPR/Cas9 system (Cas9), it is now possible to easily make targeted genomic modifications in mammalian cells ([@B12]). While Cas9 is most widely used for gene knock-out (via non-homologous end joining, NHEJ) or gene knock-in (via homology-directed repair (HDR)), it also enables the generation of libraries in mammalian cells. For example, Cas9 has been used to promote HDR with degenerate templates, resulting in a library of genomic variants; this has been applied to both coding and non-coding regions, providing insight into gene regulation, expression and even drug resistance ([@B13],[@B14]). In a recent study, Cas9 was also used to integrate a genomic landing pad containing a recombination site, which allowed for the introduction of a library of transgene variants ([@B15]). Although these studies illustrate the potential to integrate libraries into specific genomic regions of mammalian cells, transfection of genome editing reagents combined with low HDR efficiencies limit the scalability and ease-of-use required to generate libraries capable of exploring sufficient protein sequence space, which is crucial for directed evolution and protein engineering.

In this study, we have established the method of homology-directed mutagenesis (HDM), which relies on high-efficiency HDR by Cas9 to generate site-directed mutagenesis libraries in mammalian cells. We use as our mammalian antibody display platform, a recently developed hybridoma cell line, where antibody variable regions can be exchanged by Cas9-driven HDR, referred to as plug-and-(dis)play hybridomas (PnP) ([@B16]). A critical feature of our HDM method is that it utilizes single-stranded oligonucleotides (ssODNs) as the donor template, which relative to double-stranded DNA, drastically increase HDR integration efficiencies ([@B17]) and also reduce off-target integration events ([@B20], BioRxiv: <https://doi.org/10.1101/178905>). By using a cellular genotype-phenotype assay, we optimized a series of parameters, allowing us to achieve a robust HDR integration efficiency of 15--35%, thus reaching up to a 35-fold improvement. Next, starting with an antibody specific for the model antigen, hen egg lysozyme (HEL), we introduce a library into the variable heavy chain (V~H~) complementarity determining region 3 (CDRH3) by using ssODN templates with commonly used NNK and NNB degenerate codon regions (where N=A/C/G/T, K=G/T, and B=C/G/T). Following HDM, we perform next-generation sequencing (NGS) on the entire V~H~ region to quantitatively assess the library diversity and distribution. We further maximize the efficacy of HDM libraries by implementing an optimized gRNA target sequence and rationally selecting degenerate nucleotides to match target amino acid (a.a.) frequencies of CDRH3 regions found in the antibody repertoire of murine naïve B cells ([@B21],[@B22]). With HDM, we were able to achieve a library size of \>10^5^ variants validated by NGS. We then screen this library for specificity towards our model antigen, which led to recovery of a novel variant with a unique CDRH3. We also show that by using HDM to generate saturation libraries across the CDRH3, we could perform directed evolution and affinity maturation. Finally, we apply HDM to the recently established method of deep mutational scanning (DMS) ([@B23],[@B24]), which allowed us to deconstruct the antigen-binding sequence landscape of our antigen-specific antibodies. Through HDM we have successfully developed a rapid and facile method for the generation of site-directed mutagenesis libraries in mammalian cells, which represents a versatile approach for high-throughput antibody engineering.

MATERIALS AND METHODS {#SEC2}
=====================

Hybridoma cell culture conditions {#SEC2-1}
---------------------------------

All PnP hybridoma cell lines were cultivated in high-glucose Dulbecco's Modified Eagle Medium \[Thermo Fisher Scientific (Thermo), 11960-044\] supplemented with 10% fetal bovine serum \[Thermo, 16000-044\], 100 U/ml Penicillin/Streptomycin (Thermo, 15140-122), 2 mM Glutamine (Sigma-Aldrich, G7513), 10 mM HEPES buffer (Thermo, 15630-056) and 50 μM 2-mercaptoethanol (Sigma-Aldrich, M3148). All hybridoma cells were maintained in incubators at a temperature of 37°C and 5% CO~2~. Hybridomas were typically maintained in 6 ml of culture in T-25 flasks (TPP, TPP90026), and passaged every 48/72 h. All hybridoma cell lines were confirmed annually to be negative for *Mycoplasma* contamination. A list of all PnP cell lines is provided in [Supplementary Table S4](#sup1){ref-type="supplementary-material"}.

Guide RNA design and ssODN synthesis {#SEC2-2}
------------------------------------

Both on-target and off-target activities were assessed to identify optimal guide RNA (gRNA) sequences. Geneious version 9 ([@B25]) was utilized to locate and score gRNA sequences in the vicinity of the target site of mutagenesis. On-target activity scores were calculated according to 'sgRNA Designer' ([@B26]). Off-target analysis was performed by comparing the gRNA sequences to the *Mus musculus* genome (GRCm38.p3) downloaded from NCBI. A maximum mismatch of 3 bps was allowed and any potential off-target sites were scored by 'CRISPR Design' ([@B27]). When designing an optimal gRNA target sequence (Figure [2B](#F2){ref-type="fig"}), nucleotide propensities for highly active gRNA sequences were selected per position as proposed by Doench *et al.* ([@B26]), while still including in-frame stop codons and minimizing overlapping homology on the 5′ and 3′ ends of the cleavage site.

For the optimization of parameters or the incorporation of genetic diversity, ssODNs complementary to the non-target strand were ordered directly from Integrated DNA Technologies (IDT) along with any PCR primers or gRNAs used in this study. A recent study has suggested that ssODNs complementary to the non-target strand, and subsequently also complementary to the gRNA, do not compete for Cas9 binding, but instead anneal to the non-target strand further enhancing HDR events ([@B28]). Modified ssODNs had phosphorothioate (PS) bonds between the three terminal nucleotides (nt) of the 5′ and 3′ ends. A list of all gRNA, primer and ssODN donor sequences are provided in [Supplementary Tables S5 and S6](#sup1){ref-type="supplementary-material"}.

Hybridoma transfection {#SEC2-3}
----------------------

PnP hybridoma cells were electroporated with the 4D-Nucleofector™System (Lonza) using the SF Cell Line 4D-Nucleofector^®^ X Kit L (Lonza, V4XC-2024, V4XC-2032) with the program CQ-104. Cells were prepared as follows: cells were isolated and centrifuged at 125 × G for 10 min, washed with Opti-MEM^®^ I Reduced Serum Medium (Thermo, 31985-062), and centrifuged again with the same parameters. The cells were finally resuspended in SF buffer (per kit manufacturer guidelines), after which Cas9 plasmid (PX458), Alt-R Cas9 RNP (IDT) or Alt-R gRNA (IDT) and ssODN donor were added. All experiments performed utilize Cas9 from *Streptococcus pyogenes* (SpCas9). Transfections for optimization of parameters were performed by transfecting 2 × 10^5^ cells with either 1 μg Cas9 plasmid, 100 pmol Alt-R Cas9 RNP or 115 pmol Alt-R gRNA and 100 pmol ssODN donor in 20 μl, 16-well Nucleocuvette™ strips. All other transfections up to 5 × 10^6^ cells were performed in 100 μl single Nucleocuvettes™ and reagents were scaled accordingly. Transfections of 10^7^ cells were performed under identical conditions as transfections for 5 × 10^6^ cells.

Flow cytometry analysis and sorting {#SEC2-4}
-----------------------------------

Flow cytometry-based analysis and cell isolation were performed using the BD LSR Fortessa™ and BD FACS Aria™ III (BD Biosciences), respectively. When labeling was required, cells were washed with phosphate-buffered saline (PBS), incubated with the labeling antibody or antigen for 30 min on ice, protected from light, washed again with PBS and analyzed or sorted. The labeling reagents and working concentrations are described in [Supplementary Table S7](#sup1){ref-type="supplementary-material"}. For cell numbers different from 10^6^, the antibody/antigen amount and incubation volume were adjusted proportionally.

Cell isolation by MACS {#SEC2-5}
----------------------

Magnetic assisted cell sorting (MACS) isolation of cells was performed using the OctoMACS™ Separator (Miltenyi, 130-042-109) in combination with MS columns (Miltenyi, 130-042-201) for cell counts up to 2 × 10^8^ cells. Cells were washed with PBS, incubated with the biotinylated antibody or antigen for 30 min on ice, washed twice with PBS, resuspended in PBS and Streptavidin Microbeads (Miltenyi, 130-048-102), and incubated in the refrigerator for 15 min. Following incubation, cells were washed with additional PBS, and resuspended in 1 ml PBS. The resuspended cells were added to a pre-rinsed magnetic column, washed twice with 500 μl PBS, and then once with 500 μl growth media. At last, the column was removed from the magnetic separator and cells were flushed directly into a collection plate with 1 ml of growth media.

Measurement of antibody secretion and affinity by ELISA {#SEC2-6}
-------------------------------------------------------

Sandwich ELISAs were used to measure the secretion of IgG from hybridoma cell lines. Plates were coated with capture polyclonal antibodies specific for V~k~ light chains (goat anti-mouse, Jackson ImmunoResearch, 115-005-174) concentrated at 4 μg/ml in PBS (Thermo, 10010-015). Plates were then blocked with PBS supplemented with 2% m/v milk (AppliChem, A0830) and 0.05% V/V Tween^®^-20 (AppliChem, A1389) (PBSMT). Supernatants from cell culture (10^6^ cells/sample, volume normalized to least concentrated samples) were then serially diluted (at 1:3 ratio) in PBS supplemented with 2% m/v milk (PBSM). After blocking, supernatants and positive controls were incubated for 1 hour at RT or O/N at 4°C, followed by three washing steps with PBS supplemented with Tween-20 0.05% V/V (PBST). A secondary HRP-conjugated antibody specific for mouse Fc region was used (goat anti-mouse, Sigma-Aldrich, A2554), concentrated at 1.7 μg/ml in PBSM, followed by three wash steps with PBST. ELISA detection was performed using a 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo, 34028) as the HRP substrate, and the reaction was terminated with H~2~SO~4~ (1M). Absorbance at 450 nm was read with Infinite^®^ 200 PRO NanoQuant (Tecan).

For antigen specificity measurements, plates were coated with purified HEL protein (Sigma-Aldrich, 62971-10G-F) concentrated at 4 μg/ml in PBS. Blocking, washing and supernatant incubation steps were made analogously to the previously described procedure. A secondary HRP-conjugated antibody was used specific for V~k~ light chain (rat anti-mouse, Abcam, AB99617) concentrated at 0.7 μg/ml. ELISA detection by HRP substrate and absorbance reading was performed as previously stated. ELISA data was analyzed with the software GraphPad Prism.

Sample preparation for NGS {#SEC2-7}
--------------------------

Sample preparation for NGS was performed similar to the antibody library generation protocol of the primer extension method described previously ([@B29]). Genomic DNA was extracted from 1--5 × 10^6^ cells using the Purelink™ Genomic DNA Mini Kit (Thermo, K182001). All extracted genomic DNA was subjected to a first PCR step. Amplification was performed using a forward primer binding to the beginning of the V~H~ framework region and a reverse primer specific to the intronic region immediately 3′ of the J segment. PCRs were performed with Q5^®^ High-Fidelity DNA polymerase (NEB, M0491L) in parallel reaction volumes of 50 μl with the following cycle conditions: 98°C for 30 s; 16 cycles of 98°C for 10 s, 70°C for 20 s, 72°C for 30 s; final extension 72°C for 1 min; 4°C storage. PCR products were concentrated using DNA Clean and Concentrator (Zymo, D4013) followed by 0.8X SPRIselect (Beckman Coulter, B22318) left-sided size selection. Total PCR1 product was amplified in a PCR2 step, which added extension-specific full-length Illumina adapter sequences to the amplicon library. Individual samples were Illumina-indexed by choosing from 20 different multiplex identifier index reverse primers. Cycle conditions were as follows: 98°C for 30 s; 2 cycles of 98°C for 10 s, 40°C for 20 s, 72°C for 1 min; 6 cycles of 98°C for 10 s, 65°C for 20 s, 72°C for 1 min; 72°C for 5 min; 4°C storage. PCR2 products were concentrated again with DNA Clean and Concentrator and run on a 1% agarose gel. Bands of appropriate size (∼550 bp) were gel-purified using the Zymoclean™ Gel DNA Recovery kit (Zymo, D4008). Concentration of purified libraries were determined by a Nanodrop 2000c spectrophotometer and pooled at concentrations aimed at optimal read return. The quality of the final sequencing pool was verified on a fragment analyzer (Advanced Analytical Technologies) using DNF-473 Standard Sensitivity NGS fragment analysis kit. All samples passing quality control were sequenced. Antibody library pools were sequenced on the Illumina MiSeq platform using the reagent kit v3 (2 × 300 cycles, paired-end) with 10% PhiX control library. Base call quality of all samples was in the range of a mean Phred score of 34.

Bioinformatics analysis and graphics {#SEC2-8}
------------------------------------

The MiXCR v2.0.3 program was used to perform data pre-processing of raw FASTQ files ([@B30]). Sequences were aligned to a custom germline gene reference database containing the known sequence information of the V and J regions for the variable heavy chain of the HEL23-2A synthetic antibody gene. Clonotype formation by CDRH3 and error correction were performed as described by Bolotin *et al.* ([@B30]). Functional clonotypes were discarded if: (i) a duplicate CDRH3 a.a. sequence arising from MiXCR uncorrected PCR errors, or (ii) a clone count equal to one. Downstream analysis was performed using R v3.2.2 ([@B31]) and Python v2.7.13 ([@B32]). Graphics were generated using the R packages ggplot2 ([@B33]), RColorBrewer ([@B34]) and ggseqlogo ([@B35]).

Codon selection for library design {#SEC2-9}
----------------------------------

We aimed at designing a library of immunological relevance by investigating all 3,375 degenerate codon schemes with regard to every possible combination described by the IUPAC nucleotide codes. To this end, the a.a. frequencies of each degenerate codon scheme were calculated by dividing the number of codons that encode for a specific a.a. by the total number of codons encoded for a given degenerate scheme. The a.a. frequencies per position of the CDRH3 found in the murine naïve antibody repertoire were based on NGS datasets of V~H~ genes from sorted naïve B cells, 433,618 unique CDHR3 sequences from 19 C57BL/6 mice, described previously in Greiff *et al.* ([@B22]). Due to the canonically high frequencies of 'CAR' and 'YW' residues at the beginning and end of the CDRH3 (Kabat numbering positions 104--106 and 117--118), these positions were kept constant. Utilizing [Equation (1](#M1){ref-type="disp-formula"}), an optimized degenerate codon per a.a. position can be determined by calculating the mean-squared error (MSE) of each degenerate codon relative to the naïve repertoire and then selecting the scheme with the minimum MSE. $$\documentclass[12pt]{minimal}
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Where *x* is the degenerate codon, *n* is the number of a.a. (20), *w~n~* is the a.a. weighting factor depending on each a.a.'s frequency in the target, *Y*~*n*,deg~ is the a.a. frequency of the degenerate codon and *Y*~*n*,target~ is the a.a. frequency of the target, in this case, the mouse naïve antibody repertoire. To obtain a measure of the overall similarity for the combination of degenerate codons for a CDRH3 of a given length, the mean of each position's MSE was also calculated.

Calculating the diversity profiles of libraries {#SEC2-10}
-----------------------------------------------

The diversity profile of a given library can be calculated using the Hill diversity, as previously described ([@B36]). Briefly, we calculated Hill diversity for *α* = 0 to *α* = 10 by steps of 0.2 according to Equation ([2](#M2){ref-type="disp-formula"}), $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} {^\alpha {\rm{D}}}( {\rm{f}} ) = {\left( {\mathop \sum \nolimits_{{\rm{i}} = 1}^{\rm{n}} {\rm{f}}_{\rm{i}}^{\rm{\alpha }}} \right)^{\frac{1}{{1 - {\rm{\alpha }}}}}} \end{equation*}\end{document}$$where f~i~ is the clonal frequency of clone i, n is the total number of clones and *α*-values represent weights. Diversities calculated at alpha values of 0, 1 and 2 represent the species richness, Shannon Diversity and the exponential inverse of Simpson's Index, respectively. Clonal sequences were excluded from the diversity calculation if: (i) a stop codon was present, or (ii) the coding sequence was out of frame. A clone was defined based on the exact a.a. sequence of the CDRH3.

Calculating Levenshtein (edit) distances {#SEC2-11}
----------------------------------------

From each of the NGS datasets of naïve repertoire optimized (NRO), NNK and NNB libraries, 5,000 CDRH3 sequences of length 14 a.a were randomly sampled. Subsequently, for each sampled sequence, the naïve repertoire utilized to develop the NRO degenerate codon scheme was searched for the presence of CDRH3 a.a. sequences of Levenshtein (edit) distances 0--6 (Figure [3C](#F3){ref-type="fig"}).

Calculation of enrichment ratios (ERs) in DMS {#SEC2-12}
---------------------------------------------

The enrichment ratios (ERs) of a given variant was calculated according to previous methods ([@B37]). Clonal frequencies of variants enriched for antigen specificity (by FACS), f~i,Ag+~, were divided by the clonal frequencies of the variants present in the original library, f~i,Ab+~, according to Equation ([3](#M3){ref-type="disp-formula"}). $$\documentclass[12pt]{minimal}
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A minimum value of −2 was designated to variants with log\[ER\] values less than or equal −2 and variants not present in the dataset were disregarded in the calculation. A clone was defined based on the exact a.a. sequence of the CDRH3.

RESULTS {#SEC3}
=======

Optimizing HDR efficiency {#SEC3-1}
-------------------------

The degree of genetic diversity and library size that can be introduced using Cas9 is dependent on HDR efficiency. Previously, when establishing our PnP hybridoma platform, we observed an HDR efficiency of less than 1.0% when exchanging a fluorescent reporter protein with antibody variable regions encoded on a double-stranded DNA cassette (∼1.5 kb donor regions, ∼0.7 kb each for left and right homology arms) ([@B16]). Previous studies have shown that despite having only (micro)homology arms, much higher HDR efficiencies are observed when using ssODN donor templates ([@B17],[@B28],[@B38]). Due to the length limitation of commercially synthesized ssODNs, the target region of mutation is typically 50--80 nt, with ∼50 nt for each homology arm, which is highly compatible for targeting antibody CDRs for mutagenesis. However, in contrast to the previous approach, where loss of reporter protein and gain of antibody expression could easily be used to detect HDR, detection of HDR with ssODNs templates is more challenging. Therefore, to quantify and subsequently optimize ssODN-based HDR, we first developed a cellular phenotype assay based on antibody expression and antigen binding.

Starting with the PnP-HEL23 hybridoma cell line, which expresses a murine antibody sequence with specificity towards the model antigen HEL ([@B16]), we used Cas9 and gRNA targeting CDRH3 to introduce a frameshift mutation by NHEJ, resulting in the knockout of antibody expression (PnP-HEL23.FI cell line) (Figure [1A](#F1){ref-type="fig"}). We then designed an ssODN template that encoded the original CDRH3 a.a. sequence, but contained silent mutations, thus Cas9-driven HDR could be detected if both antibody expression and antigen specificity for HEL were restored. If only antibody expression was detected without binding to HEL, we presumed that an insertion/deletion (indel) via NHEJ or micro-homology mediated end joining (MMEJ) had occurred that knocked the antibody sequence back in-frame. Editing efficiencies were measured by flow cytometry following labeling of cells with fluorescently-tagged HEL and anti-IgH (Figure [1B](#F1){ref-type="fig"}).

![Optimizing parameters for homology directed repair (HDR). (**A**) An experimental assay developed to measure HDR efficiencies by flow cytometry. Cas9 is used to knockout antibody expression in the CDRH3 of a PnP hybridoma cell line which originally expressed a functional antibody targeting the model antigen HEL. A monoclonal population is then isolated and used for all other downstream experiments. Cas9 promotes HDR at the CDRH3 in the presence of a ssODN donor template which contains silent mutations. Cells which undergo HDR will therefore regain antibody expression specific for HEL. (**B**) Flow cytometry plots of the original cell line, PnP-HEL23 (left), the CDRH3 knockout cell line, PnP-HEL23.FI (middle) and a representative flow cytometry plot demonstrating the ability of the experimental assay to measure HDR integration efficiencies (right). (**C**) Optimal conditions for HDR revealed by results from assays examining the parameters: (i) Cas9 delivery method, (ii) ssODN length and (iii) PS modifications to ssODNs, data presented (mean ± sd) is representative of *n* = 2 independent experiments. (**D**) The maximum achievable HDR efficiency of ∼36% was obtained after combining the optimal parameters (constitutive Cas9, ssODN length 120 with PS modifications) and knocking out expression of the 53BP1 protein (PnP-HEL23.FS cells used here, see Figure [2](#F2){ref-type="fig"}).](gky550fig1){#F1}

To maximize HDR efficiency in PnP cells, several parameters regarding Cas9, gRNA, and donor templates were evaluated by performing separate and parallel transfections (2 × 10^5^ cells). To resolve the effect of homology arm length on HDR, ssODNs ranged between 60 and 200 nt. To determine if an increase in resistance to nuclease degradation of ssODNs improves HDR, we included PS bonds in the 5′ and 3′ ends. Cas9 and gRNA was delivered to cells by transfection (electroporation) with either plasmid or ribonucleoprotein (RNP) complexes ([@B18],[@B39]). We also generated a PnP stable cell line which constitutively expresses Cas9 from the Rosa26 safe harbor locus ([Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}), as it permits the transfection of just pre-formed gRNA and ssODN donor (constant expression of Cas9 has been shown to have no toxic side effects on cells or *in vivo* ([@B40])). Across all conditions, we observed the most notable increase in HDR efficiency when using the constitutive Cas9-expressing cell line, thus all subsequent experiments were performed with constitutive Cas9 expression (Figure [1C](#F1){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The highest HDR efficiency of 26% was observed when ssODNs with PS modifications and 120 nt length (homology arms equal to 46 nt) were used. This HDR rate remained stable when scaling up the number of cells transfected and only decreased slightly to ∼20% following transfection of 1 × 10^7^ cells ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Recently, it has been shown that HDR efficiency can be improved by inhibiting the DNA repair regulator protein 53BP1, which promotes NHEJ over HDR ([@B41],[@B42]). Therefore, we used a gRNA to target and knockout 53BP1 in our Cas9-expressing cell line ([Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}); whereby subsequent testing of HDR in these cells showed an improved HDR efficiency of ∼36% (120 nt and PS-modified ssODNs), a \>35-fold improvement relative to 1% (120 nt, Cas9 plasmid, unmodified ssODNs) (Figure [1D](#F1){ref-type="fig"}).

Assessing HDM library diversity and eliminating bias by gRNA design {#SEC3-2}
-------------------------------------------------------------------

Targeting the CDRs for site-directed mutagenesis has proven to be an effective means of building antibody libraries for improved properties ([@B43],[@B44]). Introducing sequence diversity into CDRH3 alone has shown to be sufficient for a wide range of antigen-binding specificities ([@B45]). Thus, initial libraries were generated using ssODN homology templates (126 nt) that contained nine consecutive degenerate codons of NNK or NNB within the 14 a.a. long CDRH3 (e.g. '*CAR(NNK)~9~YW'*). These degenerate ssODN donors were transfected with gRNA into PnP-HEL23.FI cells (2 × 10^5^ cells, two replicates per codon scheme). Here, we define the difference between HDR and HDM, in that the latter uses ssODN templates with degenerate codons. In order to precisely quantify library diversity introduced by HDM, following transfection and cell recovery and expansion, genomic DNA was isolated and targeted PCR was performed on the V~H~ region to amplify libraries for NGS (using a previously established protocol for Illumina paired-end sequencing) ([@B29]). Across the four samples of NNK and NNB libraries, sequencing depth ranged between 577,915--847,687 read counts, with an ∼95% alignment success, resulting in 12,773--14,842 unique CDRH3 a.a. sequences ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). CDRH3 sequences with a length of 14 a.a. were classified as HDM events. Analysis of the HDM sequences revealed nearly an unbiased a.a. usage: positional a.a. usage in HDM libraries was nearly identical to what is theoretically predicted using NNK/B codon scheme (MSE = 3.07 ± 0.32) (Figure [2A](#F2){ref-type="fig"}). Furthermore, overlap analysis of sequences revealed almost no common CDRH3 sequences across all replicates, indicating that each HDM experiment results in a unique library ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

![Generating unbiased libraries with HDM. (**A**) Amino acid frequencies of observed HDM events when generating NNK/B libraries resembles the theoretical amino acid frequencies, indicating unbiased integration. (**B**) A PnP hybridoma cell line was engineered with an optimized gRNA target sequence to reduce bias arising from NHEJ/MMEJ events. The gRNA sequence adheres to nucleotide propensities observed to increase Cas9 activity ([@B26]) while minimizing potential off-target sequences. Following Cas9 cleavage, stop codons encoded on both the 5′ and 3′ ends of the Cas9 cut-site promote recombination of in-frame stop codons following repair via NHEJ/MMEJ. These in-frame stop codons show reduced library bias arising from non-random repair. (**C**) NGS analysis of the top 10 CDRH3 clones for NNK/B libraries generated from either the frameshift-indel cell line (PnP-HEL23.FI) or the frameshift-stop cell line (PnP-HEL23.FS). In addition to all in-frame NHEJ/MMEJ events containing a stop codon, a much lower percentage of cells matching the originating CDRH3 nucleotide sequence (![](gky550ufig1.jpg)) was observed. (**D**) Diversity profiles calculated from NGS data for NNK/B libraries generated from the PnP-HEL23.FI or the PnP-HEL23.FS cell lines. The α values represent different weights to the clonal frequency, where *α* = 0 is the species richness, and *α* = 1 and *α* = 2 are two common measures for library diversity known as the Shannon entropy and Simpson\'s index, respectively. Both the Shannon entropy (*α* = 1) and Simpson's Index (*α* = 2) are higher in the case for libraries generated from the PnP-HEL23.FS cell line, indicating a higher degree of unbiased diversity. Data presented (mean ± sd) is representative of *n* = 4 experiments.](gky550fig2){#F2}

In addition to HDM, a subpopulation of cells can restore antibody expression through NHEJ or MMEJ. Consistent with previous reports ([@B46]), we observed that the non-randomness of these pathways created a bias in the library: there were several grossly overrepresented variants (Figure [2C](#F2){ref-type="fig"}). This presence of high-frequency, redundant variants may limit library diversity and impede screening and selection steps. In order to address this issue, we used the information from the highest frequency NHEJ or MMEJ events to rationally design a gRNA target sequence which would promote either a frameshift mutation or in-frame stop codon following Cas9 cleavage and DNA repair. Using this approach, we drastically reduced the probability that an NHEJ or MMEJ event would result in a functionally expressed antibody by ensuring in-frame stop codons would appear on the 5′ and 3′ sides of the cleavage site (Figure [2B](#F2){ref-type="fig"}). Next, we used this new, frameshift-stop cell line (PnP-HEL23.FS) to generate HDM libraries, using once again NNK/B ssODN templates. NGS on V~H~ genes was performed as before and similar sequencing depth and quality was obtained ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Close analysis of the CDRH3 distribution revealed a substantial decrease in the frequencies of overrepresented (biased) variants and the generation of a more desirable uniformly diverse library. Diversity was quantified using the Hill diversity (Figure [2D](#F2){ref-type="fig"} and Equation [2](#M2){ref-type="disp-formula"}) ([@B36]), where the diversity (^α^D) for each *α*-value represents an equivalent library in which all variants are equally present; Shannon diversity (*α* = 1) and Simpson\'s index (*α* = 2) are widely used for diversity comparisons.

Design, generation, and analysis of an HDM library that mimics the naïve antibody repertoire {#SEC3-3}
--------------------------------------------------------------------------------------------

While we have shown that with optimized parameters we can achieve considerable HDM efficiency, the growth rate and number of mammalian cells that can be handled in a typical experiment still pose challenges in achieving large library sizes (\>10^5^). With this in mind, we looked to maximize the functional quality of HDM libraries through the rational selection of degenerate codons. A major limitation in standard NNK/B codon schemes is the compounding probability of introducing a premature stop codon as the number of degenerate codons increases ([Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}). However, when considering every possible combination of nucleotides, there exist 3,375 different degenerate codon schemes. Thus, as a first approach towards optimizing ssODNs, we designed degenerate codons that would most closely mimic the CDRH3 a.a. frequencies found in the antibody repertoire of murine naïve B cells (433,618 unique CDHR3 sequences) ([@B22]) (Figure [3A](#F3){ref-type="fig"}). It is well established that CDRH3 libraries with a more natural sequence landscape offer favorable properties (i.e. reduced immunogenicity, improved protein stability and folding) ([@B47]). Therefore, to generate the NRO library, for each position the degenerate codon was selected that produced the minimal MSE value relative to the naïve repertoire, while also using weights to punish degenerate codons that result in cysteines or stop codons (Equation [1](#M1){ref-type="disp-formula"}). Following HDM and NGS, we observed that relative to the naïve repertoire, NRO libraries had substantially lower MSE values (a.a. length 14, average MSE = 47.1) compared to that of NNK/B libraries (a.a. length 14, average MSE = 85.7 ± 0.85) (Figure [3B](#F3){ref-type="fig"}). Notably, the possibility of introducing a premature stop codon or cysteine residue was eliminated while still maintaining adequate levels of total diversity ([Supplementary Figure S4b](#sup1){ref-type="supplementary-material"}) ([@B48]). Using another indication of sequence similarity to the naive B cell antibody repertoire, we determined based on the Levenshtein (edit) distance that the NRO library had a much higher percentage of sequences with short edit distances compared to NNK/B libraries (Figure [3C](#F3){ref-type="fig"}).

![Naive repertoire optimized (NRO) library design and analysis. (**A**) Side-by-side comparisons of the CDRH3 a.a. frequencies found in the naïve antibody repertoire (NGS data of naïve B cells from mice) and the theoretical NNB and NRO randomization schemes. (**B**) The theoretical and observed averages (from NGS) of the positional MSEs evaluated between the naïve repertoire and degenerate codon libraries across various CDRH3 lengths. The NRO scheme more closely resembles the amino acid frequencies observed in the naïve antibody repertoire compared to both NNK and NNB schemes. Equivalent average MSEs for both theoretical and observed amino acid frequencies reflect the accuracy of ssODN synthesis and unbiased HDM integration preferences. (**C**) Levenshtein distances for CDRH3 sequences of length 14 between the HDM libraries generated with degenerate codon schemes and the naïve antibody repertoire. The NRO scheme has a higher percentage of CDRH3 sequences with shorter edit distances indicating a higher degree of overall sequence similarity with the naïve repertoire. (**D**) Results from NGS data displays the ability to control the CDRH3 length distribution of the HDM library from a single transfection. By accounting for differences in integration efficiencies ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), ssODNs of various lengths were pooled at varying ratios to mimic the length distribution of the naïve antibody repertoire.](gky550fig3){#F3}

The CDRH3 length distribution of natural antibody repertoires also represents another important aspect to recapitulating functional diversity. Therefore, in order to assess the impact of CDRH3 length on HDM efficiency, separate transfections of 2 × 10^5^ cells were performed with ssODN donors containing various lengths of degenerate codon regions, while keeping homology regions constant. As hypothesized, a minor decrease in integration efficiency was observed as the a.a. degenerate region increases ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). This relationship between degenerate codon region length and integration efficiency can be taken into consideration when building libraries that aim to resemble the natural CDRH3 length distribution.

Next, by combining the previously acquired knowledge, an HDM library of unique CDRH3 sequences was constructed by transfecting 10^7^ cells with gRNA and a pool of NRO ssODNs with varying degenerate codon lengths, which corresponded to CDRH3 lengths of 10, 12, 14, 15, 16, 18, 20, 22 a.a., thus mimicking the diversity and length distribution found in naïve repertoires. The ssODNs were pooled to mimic the naïve repertoire length distribution at weight-adjusted ratios to account for the expected decrease in integration efficiencies for longer degenerate regions. Following transfection, cells were allowed to divide for \>72 hours in order to reach a total cell count \>10^8^ cells, at which point antibody expressing cells (Ab+) were labelled with biotinylated anti-IgH and isolated using MACS. NGS libraries were prepared from genomic DNA isolated from cells pre- and post-selection of antibody expression. Since the number of cells transfected was scaled up, NGS sequencing depth was correspondingly increased to 5.1 × 10^6^ and 1.4 × 10^6^ reads for pre- and post-selection libraries, respectively, with an ∼94% alignment success ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Analysis of the NGS data revealed exceptional agreement between the theoretically predicted and observed a.a. frequencies across all CDRH3 lengths (MSE = 2.95 ± 1.14) (Figure [3B](#F3){ref-type="fig"}). Furthermore, the observed CDRH3 length distribution recapitulated what is observed in naïve repertoires (Figure [3D](#F3){ref-type="fig"}). There were 9.9 × 10^4^ and 1.47 × 10^5^ unique CDRH3 sequences identified in the samples pre- and post-selection of Ab+ cells, respectively. A possible explanation for this inconsistency can be attributed to under-sampling due to genomic DNA, where copy numbers of a given sequence are expectedly low.

Antibody screening and affinity maturation with HDM libraries {#SEC3-4}
-------------------------------------------------------------

The HDM library described in the previous section was next used for antibody discovery using a directed evolution and high-throughput screening approach. Most recombinant antibody libraries, not derived from an immunized animal, require substantially more diversity than our NRO library in PnP cells (1.47 × 10^5^ unique CDRH3s), hence phage and yeast display are often used because of their increased throughput. In order to compensate for this, we opted to screen our library against the model antigen HEL; this served as a reasonable proof-of-concept because the rest of the antibody scaffold (excluding CDRH3) was derived from a HEL-specific sequence (HEL23) ([@B16]). Thus, even with a relatively small library, we aimed to determine if we could discover antigen-specific variants possessing unique CDRH3 sequences when compared to HEL23. First, we enriched PnP cells from the library by two rounds of MACS, using a biotinylated-HEL and streptavidin conjugated magnetic beads. For each round of MACS, the library was expanded to a minimum of 5 × 10^7^ cells in order to contain multiple copies per variant. Following MACS, a definitive HEL-specific population was visible by flow cytometry (Figure [4A](#F4){ref-type="fig"}). A subsequent two rounds of FACS enrichment were then performed, followed by a single-cell sort. Antigen specificity for the monoclonal populations was verified by flow cytometry (Figure [4A](#F4){ref-type="fig"} and [Supplementary Figure S8b](#sup1){ref-type="supplementary-material"}) and ELISA ([Supplementary Figure S8a](#sup1){ref-type="supplementary-material"}). Genotyping identified a novel clone (HEL24), which had a unique and longer CDRH3 sequence when compared to the original HEL23 (Levenshtein distance = 8) (Figure [4D](#F4){ref-type="fig"}). Although the newly identified variant had a lower binding affinity for the target antigen, it serves as a potential candidate for downstream engineering and optimization.

![HDM library screening for antibody discovery and affinity maturation. (**A**) Library generation by HDM coupled with mammalian cell display screening leads to the discovery of a novel CDRH3 variant, HEL24, for the target antigen, HEL. Following HDM library generation with NRO ssODNs, antibody expressing cells (Ab+) are isolated by magnetic activated cell sorting (MACS) and expanded. The library is then screened by MACS for specificity to antigen (Ag+), followed by two rounds of screening by fluorescence activated cell sorting (FACS). A monoclonal population for downstream characterization was isolated by single-cell sorting, revealing the novel variant, HEL24. (**B**) Single-site saturation HDM libraries for affinity maturation are created by pooling ssODNs that tile the mutagenesis site along the CDRH3. (**C**) Screening of saturation HDM libraries of HEL23 by FACS for higher antigen affinity variants, while using IgG staining to normalize for antibody expression. Monoclonal populations for downstream characterization were isolated by single-cell sorting. (**D**) The original HEL23 and HEL24 sequences and their higher affinity variants. ELISA data confirm secretion of antigen-specific antibodies into the hybridoma supernatant and antigen affinities relative to one another ([Supplementary Figure S8a](#sup1){ref-type="supplementary-material"}).](gky550fig4){#F4}

In addition to novel antibody discovery, directed evolution for affinity maturation is also an important step to engineering antibodies. Thus, we also aimed to demonstrate that HDM could be used to improve antibody affinity toward existing antigen-binding clones. To increase the affinity of the previously known HEL23 and newly discovered HEL24 clones, saturation mutagenesis libraries were generated along the CDRH3: HDM was performed with a pool of ssODNs with a single NNK codon tiled across CDRH3 (Figure [4B](#F4){ref-type="fig"}). With this approach, point mutation libraries containing a total of 134 and 191 variants were created based on the sequences for HEL23 and HEL24 respectively. Higher affinity variants were then enriched by FACS, where antibody avidity was normalized by simultaneous labeling for IgG surface expression (Figure [4C](#F4){ref-type="fig"}). Following one to two rounds of FACS selection, whereby libraries were pressured with decreasing concentrations of antigen labeling ([Supplementary Table S7b](#sup1){ref-type="supplementary-material"}), monoclonal populations were isolated and eight clonal variants were characterized. PnP cells have the advantage of simultaneously surface expressing and secreting IgG ([@B16]), therefore ELISAs were performed on these variants to confirm that relative to the original sequence, they had similar or improved antigen affinity ([Supplementary Figure S8a](#sup1){ref-type="supplementary-material"}).

Antigen specificity-sequence landscapes uncovered by HDM-mediated DMS {#SEC3-5}
---------------------------------------------------------------------

DMS is a new method in protein engineering, which combines directed evolution with NGS to assess the functional impact of mutations across the protein sequence landscape ([@B37],[@B49]). In a typical DMS experiment with antibodies, saturation mutagenesis is performed on a single position at a time, followed by screening for functional antibody expression and then again for antigen binding ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). NGS is performed along the various screening and selection steps, thus providing substantial insight into sequence-specificity relationships. Because of the need for large libraries and high-throughput screening, DMS has most often been performed using phage or yeast display systems. With the ability to generate and screen libraries in our mammalian display system, we therefore aimed to perform DMS on our HEL23 and HEL24 binding variants. We generated HDM single-position saturation libraries of CDRH1, CDRH2 and CDRH3 (pooled ssODNs for each CDR, separate transfection for each CDR). Each CDR library was then first selected on the basis of antibody expression and then screened for variants that retained binding to antigen. We extracted genomic DNA and NGS was performed on the V~H~ genes of antibody expressing cells at both pre- and post-antigen selection. Sequencing depth of all libraries ranged from ∼215,000--890,000 reads, with an alignment success of \>90% ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). NGS data was analyzed by determining the ER of each mutant, which was calculated by examining the clonal frequencies between the pre- and post-antigen selection libraries ([@B37]) (Equation [3](#M3){ref-type="disp-formula"}). Heatmaps representing ER data were constructed for each CDR (Figure [5](#F5){ref-type="fig"}). Variants with ERs \> 1 were then normalized per position and transformed into the corresponding sequence logo plots. These profiles of DMS data clearly show residues critical or detrimental for antigen binding and others which are more amenable to mutations. For example, in both HEL23 and HEL24 CDRH3 sequences, there are two a.a. positions confined to single residue to maintain antigen binding. Also, interestingly, even though HEL23 and HEL24 have identical CDRH1 and CDRH2 sequences, the DMS profiles show substantial variation and dependencies on different positions and residues. Where all positions along the CDRH1 of HEL23 appear more receptive to mutations, the stringency of certain residues found along the CDRH1 of HEL24 implies it has a greater influence on and contribution to antigen binding.

![Determining antigen-specificity sequence landscapes by deep mutational scanning (DMS). Heat maps and their corresponding sequence logo plots from the results of DMS of all variable heavy chain CDRs in both the HEL23 (**A**) and HEL24 (**B**) variants reveals positional variance for antigen-binding is clone specific. Libraries of single point-mutations across all heavy chain CDRs were integrated into hybridomas by HDM. NGS was then performed on libraries pre- and post-screening for antigen specificity ([Supplementary Figure S9 and Table S3](#sup1){ref-type="supplementary-material"}). Clonal (CDRH3) frequencies of variants post-screening were divided by clonal frequencies of variants pre-screening to calculate ERs. Sequence logo plots are generated by normalizing all variants with an ER \> 1 (or log\[ER\] \> 0).](gky550fig5){#F5}

DISCUSSION {#SEC4}
==========

Paramount to any directed evolution and protein engineering strategy is the ability to generate sufficiently sized libraries of variant clones. Since we rely here on Cas9 to introduce libraries directly in the genome of mammalian cells, we first aimed to optimize a range of parameters associated with HDR by developing an experimental assay that coupled antibody genotype to phenotype using PnP cells (Figure [1A](#F1){ref-type="fig"}). This allowed us to evaluate a series of parameters through which we determined constitutive Cas9 expression within the host cell played the most important role in improving HDR efficiency (Figure [1C](#F1){ref-type="fig"}). This is likely due to availability and abundance of Cas9 protein already localized within the nucleus at the time ssODN donors become available for DNA repair. We also resolved the optimal homology arm length, which unexpectedly did not correspond to the longest ssODN tested (200 nt), but rather to an intermediate ssODN length of 120 nt. The precise reason why such a decrease in integration occurs for longer ssODN donors is not known, but it is hypothesized that longer ssODNs are less accessible, or may even interfere with DNA repair proteins ([@B38]) and could also be attributed to a decrease in transfection efficiency. We also determined that chemical modification of the 5′ and 3′ ends of ssODNs with PS bonds led to higher HDR due to their increased stability and nuclease resistance ([@B19]). Since several studies have recently shown that inhibition of the NHEJ pathway regulator 53BP1 can improve HDR, we also knocked out 53BP1 and saw an additional improvement in HDR, reaching a maximum in this study of ∼36% (Figure [1D](#F1){ref-type="fig"}). In the future, it may be possible to further improve HDR by incorporating additional techniques such as the use of chemically modified gRNAs ([@B50]) and suppression of other NHEJ molecules (e.g. KU70 and DNA ligase IV) ([@B51]), or by exploiting newly engineered variants of Cas9 or other programmable nucleases (e.g. Cpf1) ([@B52],[@B53]).

With parameters optimized for HDR, we next constructed initial HDM libraries targeting CDRH3 through the incorporation of degenerate codons (NNK and NNB) present between the homology arms of the ssODN donors. Following HDM and NGS analysis, we were able to quantitatively elucidate that the a.a. frequencies present in genomic libraries were almost exactly what would have been predicted based on the degenerate codon scheme (Figure [2A](#F2){ref-type="fig"}). This implies that ssODN sequences that had additional homology through similarity with the original CDRH3 were not selectively integrated at higher frequencies, suggesting that HDM is unbiased. NGS analysis did however reveal that repair of double-stranded breaks via the NHEJ/MMEJ pathways occurred in a non-random manner, resulting in several highly abundant variants that were disproportionately present in the library (Figure [2C](#F2){ref-type="fig"}). This phenomenon of Cas9 repair bias has been reported previously ([@B46]). While the possibility to use the error-prone NHEJ mechanism to introduce additional mutagenesis in our library could be considered a benefit, as it has even been used for discovering novel variants of cell signaling pathways ([@B54]) and dissecting enhancer regions ([@B55]); in the context of antibody engineering, the presence of highly redundant variants would have a detrimental effect on library distribution and screening ([@B56]). Therefore, we reduced the propensity of these events by using a 'frameshift-stop' gRNA target sequence, where following Cas9-cleavage, NHEJ/MMEJ events that would normally result in in-frame antibody sequences instead resulted in antibody sequences with premature stop codons (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). HDM libraries constructed using this frameshift-stop gRNA sequence (PnP-HEL23.FS cells) showed a much more uniform distribution, thus greatly reducing overrepresented variants (Figure [2D](#F2){ref-type="fig"}). Although gRNA target optimization is not always necessary, as was displayed when building DMS libraries in the CDRH1 and 2, we expect that any future studies that aim to engineer antibodies (or other proteins) in mammalian cells may also benefit from careful design of gRNA sequences to ensure that NHEJ/MMEJ-biased repair does not compromise library distribution.

Even with the improved HDM efficiencies observed here, our mammalian cell libraries (10^5^) are still substantially smaller relative to what can be routinely achieved in phage (\>10^10^) and yeast (\>10^7^) ([@B2]). While scale-up with specialized devices capable of large-scale electroporation (\>2.0 × 10^10^ cells) can partially compensate for this ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), the slower growth rate and throughput associated with mammalian cell culture necessitates a strategy to maximize the functional quality of libraries. To this end, we designed ssODNs by rationally selecting degenerate codon schemes to mimic the a.a. frequencies of a particular diversity space, in this instance the naïve repertoire of mice. Although there are other approaches to build genetic diversity which very closely recapitulate the a.a. frequencies of a given repertoire (e.g. trinucleotide phosphoramidate-based oligonucleotide synthesis) ([@B57]), these methods are expensive and require sophisticated gene assembly and cloning strategies. In contrast, HDM relies on commercially synthesizable degenerate codon schemes and requires no gene assembly or cloning, thus representing substantial savings in time, effort and cost for library generation. Furthermore, we have shown that when compared to standard NNK and NNB degenerate codon schemes, the rationally selected codon schemes of ssODNs were able to more closely resemble the a.a. frequencies of the mouse naïve repertoire (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). To generate the NRO library, we used a very minimal approach of a single degenerate codon ssODN (per CDRH3 length); however with advances in the large-scale synthesis of oligonucleotide arrays ([@B61]), ssODN pools of custom defined sequences could be included to generate more precise HDM libraries.

Next, we constructed a larger library, based primarily on increasing the number of cells transfected. Following HDM and NGS analysis, we identified that there was a minimum of 1.47 × 10^5^ variants (unique CDRH3 a.a. sequences). Due to the fact that samples were prepared for NGS from genomic DNA with low copy numbers per variant, we believe the library size generated was actually in the range of 5 × 10^5^ variants according to live cell counts post-transfection and flow cytometry data. Subjecting the library to antigen selection by MACS and FACS resulted in the discovery of a novel CDRH3 sequence (HEL24), which had a different length and large edit distance from the original sequence (HEL23). While our mammalian cell screening was successful at identifying a single new antigen-specific CDRH3 variant, we understand that such an approach is not in itself competitive with more robust synthetic antibody libraries screened by phage and yeast display, which often recover panels of unique CDRH3 clones ([@B3],[@B43],[@B44],[@B62]). This is most assuredly due to lower library size and diversity in our mammalian system. Although, the diversity and library size is larger than what is commonly observed in mammalian-based platforms, we do not envision our approach will have a primary application in the discovery of novel antibody clones, but rather we expect the main application will be for engineering and optimizing antibodies, starting from a suitable lead candidate (which can be from *in vivo* selection or phage and yeast display screening). To this end, we showed that by pooling ssODNs with degenerate codons tiled along the CDRH3, that HDM could be used to rapidly engineer our 'lead candidate' HEL23 and HEL24 antibodies for higher affinity (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}; [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}).

One of the most exciting applications of HDM is the ease at which we can perform DMS, a new technique in protein engineering that uncovers sequence--function relationships. DMS relies on the construction of saturation mutagenesis libraries, which requires PCR mutagenesis or synthetic genes and cloning into plasmid expression vectors, thus most DMS studies have been performed in bacteria, phage and yeast ([@B24],[@B37],[@B63],[@B64]). One previous example performed DMS on an antibody clone using plasmid transfection in mammalian cells ([@B65]); however, the transient presence and polyclonality of plasmids make this a challenging approach. In the case of HDM, we were able to build saturation mutagenesis libraries for DMS in a similar manner in which we did for affinity maturation, by simply pooling ssODNs with single degenerate codons tiled along CDRH1, 2, 3. Because the library sizes required for DMS scale linearly with the number of target positions to investigate, the total library sizes were easily achievable in our hybridoma cells. Furthermore, because no cloning or plasmid transfection was required, DMS libraries could be built rapidly and easily by HDM and genomic integration ensured cellular monoclonality. Analysis of the NGS data produced by DMS revealed residues both critical and detrimental for functional antibody expression and antigen-specificity (Figure [5](#F5){ref-type="fig"}). This information could be used to rationally select degenerate codons that mimic the functional sequence landscape, which in turn can be used to produce combinatorial HDM libraries that can be screened for antibodies with improved properties (i.e. affinity, specificity, developability). At last, while in this study we exclusively focus on antibodies, HDM offers the potential to investigate genomic regulator sites (e.g. promoters, enhancers) or engineer other valuable biological and cellular therapeutics that rely on mammalian expression, such as chimeric antigen-receptors, T-cell receptors, cytokine receptors and intracellular signaling domains ([@B66]).

Supplementary Material
======================

###### 

Click here for additional data file.

We acknowledge the ETH Zurich D-BSSE Single Cell Unit and the ETH Zurich D-BSSE Genomics Facility for support, in particular, T. Lopes, V. Jäggin, E. Burcklen and C. Beisel. We also thank P. Heuberger for assistance with optimization.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky550#supplementary-data) are available at NAR Online.

FUNDING {#SEC6}
=======

Swiss National Science Foundation \[31003A_170110 to S.T.R.\]; European Research Council Starting Grant \[679403 to S.T.R.\]; National Center of Competence in Research (NCCR) Molecular Systems Engineering (to S.T.R.); S. Leslie Misrock Foundation Professorship (to S.T.R.). Funding for open access charge: NCCR.

*Conflict of interest statement*. ETH Zurich has filed for patent protection on the technology described herein, and D.M.M., C.P., W.J.K. and S.T.R. are named as co-inventors on this patent (European Patent Application: 16163734.3-1402).

[^1]: Present address: Victor Greiff, Department of Immunology, University of Oslo, Oslo 0372, Norway.
